Abstract. Developing polyamine conjugates having the potential of transporting naphthalimide selectively into tumor cells is attractive. However, the evaluation of their cytotoxic mechanism has not been comprehensive. This study focused on the effects of mononaphthalimide spermidine (MNISpd) conjugate on apoptosis induction and the relationship between MNISpd-induced apoptosis and reactive oxygen species (ROS) in HeLa cells. Our findings indicated that 9 μM MNISpd induced apoptosis in HeLa cells during a 48-h period. MNISpd induced apoptosis in HeLa cells following cytochrome c release, elevation of caspase 3/9 activity, apoptosisinducing factor (AIF) translocation and up-/down-regulation of Bax/Bcl-2 protein expression, respectively, and these effects were completely antagonized by pre-incubation with 10 mM NAC for 2 h. MNISpd induced significant ROS accumulation following up-regulation of polyamine oxidase (PAO) activity and complex variations in glutathione levels. It is concluded that MNISpd-induced apoptosis is related to intrinsic caspase-dependent and AIF-mediated caspaseindependent apoptosis pathways in HeLa cells. MNISpdinduced apoptosis correlates to MNISpd-induced ROS production resulting from GSH (reduced form of glutathione) pool depletion, and PAO is likely to be the source of ROS.
Introduction
Naphthalimides and their related derivatives have been extensively evaluated as DNA intercalating anti-tumor compounds (1) (2) (3) (4) . Many analogues of mononaphthalimide have been designed and synthesized (4) , amonafide, one representative mononaphthalimide derivative, has been selected and progressed to clinical treatment (5) but fails to enter phase III. Despite this, a series of analogues of mononaphthalimide have been evaluated in vitro (6, 7) . UNBS5162, a new analogue of mononaphthalimide, is currently in phase I clinical trial (8) . Present research also reports that linking naphthalimide with a polyamine backbone improves their cytotoxicity (3, 9, 10) as well as selectivity against tumor cells and normal cells (11) . Elinafide, a bisnaphthalimide polyamine derivative with dramatic anti-tumor activity, has been selected and progressed to clinical treatment against solid tumors (7, 12) . Indeed, many anti-tumor drugs are poorly tumor selective resulting in high incidences of adverse effects. So, improving selective anti-tumor naphthalimide polyamine conjugations are potentially potent tumor therapeutics.
In the past decade, a series of bisnaphthalimide polyamine derivatives were synthesized and evaluated in vitro (9, 10, 13, 14) . However, mononaphthalimide polyamine conjugates were seldom reported compared to their bisnaphthalimide counterparts. In our laboratory, we developed a group of mononaphthalimide polyamine conjugates with both natural and synthetic polyamine moieties exhibiting potent cytotoxic effect on several tested tumor cell lines and better cell selectivity against human hepatoma BEL-7402 (IC 50 =1.06 μM) and human normal hepatocyte QSG-7701 (IC 50 >50 μM), including homospermidine-mononaphthalimide (MNIHspd) conjugation and mononaphthalimide-spermidine (MNISpd) conjugate (15) . Further, mononaphthalimide homospermidine conjugate was able to induce apoptosis in B16 cells (15) . In fact, apoptotic mechanisms have been exploited for anti-tumor therapy as it seems to be clearly advantageous to the organism (16) , and the apoptotic mechanism induced by MNISpd remains to be determined. Such information is essential in developing these types of conjugates as cytotoxic chemotherapeutics. As several cytotoxic activities of mononaphthalimide derivatives were in vitro-tested in HeLa cells and revealed different mechanisms in an agent-specific manner (4) , in this study, we focused on the mechanism of action of the MNISpd-induced apoptosis in HeLa cells. ONCOLOGY REPORTS 25: 1099 -1107 , 2011 Reactive oxygen species (ROS) accumulation induced by mononaphthalimide-spermidine leads to intrinsic and AIF-mediated apoptosis in HeLa cells (Fig. 1) . MNISpd stock solution (10 mM) was prepared in 100% DMSO and diluted to required concentrations with FCS-free culture medium just before use. Filter-sterilized NAC was freshly prepared in FCS-free medium just before use. All other chemicals used in the experiments were commercial products of reagent grade.
Materials and methods

Reagents
Cell culture and treatments. HeLa cells (Shanghai Institutes for Biological Science, Chinese Academy of Sciences, Shanghai, China) were routinely cultured in RPMI-1640 medium supplemented with 10% (v/v) heat-inactivated fetal calf serum, 0.2% sodium bicarbonate, 100 U/ml penicillin, 100 ug/ml streptomycin and 10 mM HEPES. Prior to each MNISpd treatment, exponentially growing cells were grown to 80% confluence, and then aminoguanidine (final concentration: 1 mM) was added as an inhibitor of amine oxidase derived from FCS (17) , which has no effect on the various parameters of the cells measured in this study (18) . Cells that were treated with DMSO (final concentration: 0.1%, v/v) in place of MNISpd were recognized as the negative control. For determining the effect of NAC, Ac-DEVD-CHO or Z-VAD-FMK on MNISpd-induced cytotoxicity, cells were preincubated with these reagents for 2 h at desired concentrations, which were also present during MNISpd treatment.
Detection of apoptosis.
To determine which concentration of MNISpd was appropriate to induce HeLa cell apoptosis, Annexin V/PI assays were performed using Annexin V-FITC detection kit. To study cell plasma membrane integrity and nuclear structure, EB/AO double-staining was assessed using fluorescence microscopy (19) . After treatment with MNISpd (3, 9, 16 and 30 μM) for 48 h, cells were washed twice and re-suspended in PBS. Cell suspension (200 μl) was mixed with 8 μl dye mixture containing the same amount of AO (1 mg/ml) and EB (1 mg/ml) (final concentration of dye mixture: 4 μg/ml). MNISpd-untreated cells were recognized as the negative control. Cells treated with 0.5 M hydrogen peroxide for 30 min were recognized as the positive control. Stained cells were then examined immediately under a fluorescence microscope (Olympus CKX41, Olympus, Japan) using appropriate filters.
Detection of enzymatic activation of caspase-3, -8 and -9.
Detection of enzymatic activities of caspase-3, -8 and -9 in vitro was carried out using caspase-3, -8, -9 spectrophotometry assay kit, respectively. Briefly, after treatment with MNISpd at concentration of 0, 1, 3, 6, 9, 12, 16 and 30 μM for 48 h, cells were collected, washed twice with ice-cold PBS. Five million cells were re-suspended in 50 μl of icecold lysis buffer, and then incubated on ice for 40 min. Cell lysates were then centrifuged at 14,000 x g for 20 min at 4˚C. Total protein in supernatant was quantified using Enhanced BCA protein assay kit. Each caspase substrate was added into cell extracts containing equivalent total protein, and then incubated for 4 h at 37˚C. Absorbance was measured at 405 nm using a microplate reader (Model 680, Bio-Rad, Japan).
Preparation of mitochondrial and cytosolic protein extracts.
To determine the release of pro-apoptotic factors from mitochondria, mitochondrial and cytosolic protein extracts was performed using Cell Mitochondria isolation kit according to the manufacturer's instructions. Briefly, cells were treated with MNISpd or with MNISpd plus NAC at desired conditions. Then, ice-cold PBS-washed cells were re-suspended in 2.5-ml mitochondria isolation buffer on ice for 15 min followed by being homogenized by 30 strokes in an ice-cold homo-genizer (Bellco Biotechnology, Vineland, NJ) until more than 50% cells were stained with trypan blue. Nonlysed cells, large plasma membrane pieces and nuclei were pelleted by centrifugation at 600 x g for 10 min at 4˚C, and then supernatant was centrifuged again at 3,500 x g for 10 min at 4˚C to obtain cytosolic fraction (supernatant) and intact mitochondria (deposition). The supernatant was further centrifuged at 12,000 x g for 30 min at 4˚C to obtain cytosolic proteins. The pellets were re-suspended in 100 μl mitochondria lysis buffer, and frozen at -70˚C until use.
Preparation of cytoplasmic and nuclear protein extracts. To measure AIF translocation to nuclei, preparation of cytoplasmic and nuclear protein extracts was performed using Nuclear and Cytoplasmic protein extraction kit according to the manufacturer's instructions. Briefly, cells were treated with MNISpd or with MNISpd plus NAC at desired conditions, and washed with ice-cold PBS. The supernatant was carefully discarded. Then, cells were vortexed with ice-cold cytoplasmic protein extraction A buffer for 10 sec until cells were completely scattered followed by incubation on ice for 15 min. Cytoplasmic protein extraction buffer B was then added, and cell lysates were vortexed two times (5 sec pulse, followed by 1 min interval) followed by being centrifuged at 14,000 x g for 5 min at 4˚C to obtain supernatant (cytoplasmic proteins). Pellets were then re-suspended in nuclear protein Extraction buffer followed by being vortexed at 4˚C for 30 min (20 sec pulse, followed by 2 min interval). Cell lysates were centrifuged at 14,000 x g for 10 min at 4˚C, and supernatant was stored as nuclear protein extracts at -70˚C until use.
Total cellular protein extracts and Western blotting analysis.
To prepare total cellular protein, MNISpd-treated cells were washed twice with ice-cold PBS and lysed using Cell lysis buffer for Western and IP kit for 30 min on ice. Then, cell lysates were centrifuged at 14,000 x g for 20 min at 4˚C. Samples at 40 μg/lane (total cellular protein extracts) or 20 μg/lane (the other protein extracts) were separated using 12% SDS-PAGE. Proteins from the gel were transferred onto 0.45-μm PVDF membrane by semi-dry transfer method using a Bio-Rad electrotransfer apparatus. The membrane was blocked with 5% non-fat milk in Tris-buffer saline supplemented with 0.05% Tween-20 (TBST, pH 7.4) at RT for 1 h, and then incubated with primary antibodies against ß-actin, cytochrome c, Bcl-2, Bax, AIF, VDAC, TBP overnight at 4˚C followed by incubation with peroxidase-conjugated goat anti-mouse or anti-rabbit secondary antibody at RT for 1 h. Membranes were washed in TBST four times for 5 min between each step. Protein bands were detected using BeyoECL plus.
Detection of reactive oxygen species level.
Reactive oxygen species (ROS) levels in HeLa cells were measured using DCFH-DA by flow cytometry. Briefly, after treatment with MNISpd at 3, 6, 9, 12 and 16 μM for 24 or 48 h, cells were collected and washed with FCS-free medium, and then incubated with pre-warmed (37˚C) loading buffer (FCS-free RPMI-1640 medium containing probe to provide a final working concentration of 10 μM) at 37˚C for 20 min in a CO 2 incubator. Loading buffer was then discarded, and cells were washed three times with PBS to remove extracellular dyes. Cell fluorescence was analyzed by the flow cytometer in fluorescence channels FL 1 using CellQuest software. Ten thousand cells were sorted per sample.
Detection of reduced and oxidized glutathione. Total glutathione (containing reduced and oxidized glutathione) level was measured using GSH and GSSG assay kit according to the manufacturer's instructions. Briefly, after treatment with MNISpd at 3, 6, 9, 12 and 16 μM for 24 or 48 h, cells were washed twice with PBS by centrifugation at 400 x g for 5 min at RT. Pellets were re-suspended in protein removal buffer and vortexed immediately followed by being lysed by two freeze-thaw cycles. After cell lysates were centrifuged at 10,000 x g for 10 min at 4˚C, supernatant containing total glutathione was transferred to another tube. For quantifying total glutathione level, 10 μl supernatant was mixed with 150 μl total glutathione assay buffer at RT for 5 min, and then 50 μl NADPH (0.16 mg/ml) was added. Absorbance was read at 405 nm using the microplate reader. Oxidized form glutathione (GSSG) level was quantified using the same method for total glutathione assay after supernatant was pretreated with 1% 1 M 2-vinylpyridine solution at RT for 60 min to remove reduced form glutathione (GSH) from total glutathione. The amount of GSH was obtained by subtracting GSSG from total glutathione.
Detection of PAO activity. The activity of polyamine oxidase (PAO, EC.1.5.3.11) was assayed using Polyamine oxidase colorimetric assay kit. In this assay, oxidation of N 1 -acetylspermine by PAO produced the spermine-dependent formation of hydrogen peroxide. Peroxide release was detected by measuring the production of oxidized o-dianisidine, which can be detected by its absorbance at 440 nm. According to the manufacturer's instructions, after cells were treated with MNISpd (final concentration: 3, 6, 9, 12 and 16 μM) for 24 h, or treated with 9 μM MNISpd for 12, 24, 36 and 48 h, cells (5x10 6 ) were washed twice with PBS, and then lysed in 500-μl lysis buffer on ice for 30 min. Cell lysates were centrifuged at 16,000 x g for 5 min at 4˚C. Supernatant (50 μl, containing 50 μg proteins) was added into 800-μl assay buffer in an acuvette in the dark followed by incubation with 100 μl probe for 2 min at 37˚C. N 1 -acetylspermine (50 μl) was then added. The data were immediately read at 0 and 5 min (time intervals for 5 min) at 440 nm in a spectrophotometer. PAO activity was defined as: one unit would oxidize 1.0 μM of N 1 -acetyl-spermine to 3-aminopropanal and H 2 O 2 per minute at pH 8.0 at 37˚C.
Statistical analysis.
A minimum of three independent experiments were carried out for each assay. Statistics were performed with the SPSS statistics program (windows version 11.0). Data are expressed as the means ± S.D. To evaluate whether observed differences were significant, Student's t-test for comparisons between two groups was used; or oneway ANOVA with Tukey post-hoc test for comparisons among three or more groups was used. P<0.05 was considered to be significant for all analyses.
Results
Effect of MNISpd on apoptosis. As shown in Fig. 2A and B, early-and post-apoptotic ratios increased in a time-and dosedependent manner. Furthermore, the differences in apoptotic ratio between 9-and 6-μM MNISpd treatment were significant. Post-apoptotic ratio significantly increased after cells were treated with MNISpd (≥12 μM) for 48 h compared with those cells treated with 9 μM. However, a lower post-apoptotic ratio was induced by 9-μM MNISpd treatment during a 60-h period. As shown in Fig. 3 , the cells in the negative control showed normal structures (Fig. 3A) . The cells treated with 0.5 M H 2 O 2 for 30 min were stained with uniform chromatin and cells swelled simultaneously (Fig. 3B ). After treatment with 3 μM MNISpd (Fig. 3C) , cells rarely showed shrinkage, membrane blebbing or chromatin condensation. The cells treated with MNISpd at 9 and 12 μM showed chromatin condensation, apoptotic-like nuclei fragmentation ( Fig. 3D and E), and most cells exhibited nucleus fragment, apoptotic bodies and decreased cell volume (Fig. 3F ) with 30-μM MNISpd treatment.
Exposure to MNISpd (≥3 μM for 48 h) led to a significant and dose-dependent increase in activation of caspase-3, -9 but not caspase-8 in HeLa cells (Fig. 4) . Although, the activity of caspase-3, or both activity of caspase-3 and caspase-9 were completely inhibited by Ac-DEVD-CHO or Z-VAD-FMK pre-incubation, respectively (revealed by spectrophotometry assay, data not shown), these two inhibitors only partly increased the survival percentage of MNISpd-treated cells, but did not completely protect HeLa cells against the MNISpd-induced apoptosis (Fig. 5) .
Effect of MNISpd on mitochondria-related events.
Western blotting experiments showed that MNISpd induced a cytochrome c increase in the cytosol concomitant with a cytochrome c decrease in the mitochondria (Fig. 6A ). With MNISpd (9 μM) treatment (Fig. 6B) , AIF was transferred from mitochondria via cytoplasm to nucleus over a 48-h period. After treatment with MNISpd for 48 h (Fig. 6C) was down-regulated in a dose-dependent manner. On the other hand, NAC pre-incubation could prevent the release of cytochrome c and AIF out of mitochondria (Fig. 6D) as well as the variations in Bax and Bcl-2 expression (Fig. 6E) .
Effect of MNISpd on ROS generation and intracellular glutathione level.
During a 24-h period, a slight decrease following a slight increase in intracellular ROS level were observed with 3-and 6-μM MNISpd treatments, respectively, but not significant. Then, intracellular ROS level significantly increased with 9-, 12-and 16-μM MNISpd treatment in a dose-dependent manner (Fig. 7) . Variations in ROS level with MNISpd treatment for 48 h revealed a similar dosedependent trend, and a peak of ROS level was observed with 12-μM MNISpd treatment followed by a significantly decreased ROS level with 16-μM MNISpd treatments.
The size of total glutathione pool primarily increased in MNISpd (3 and 6 μM)-treated cells, and then decreased rapidly in those cells treated with MNISpd ranging from 9 to 16 μM (Fig. 8A) . A sustained decrease in the ratio of GSH to GSSG in HeLa cells was observed with MNISpd treatment ranging from 3 to 16 μM in a dose-dependent manner during a 48-h period (Fig. 8B) .
Effect of MNISpd on PAO induction.
After HeLa cells were treated with MNISpd ranging from 3 to 16 μM for 24 h, or treated with MNISpd at 9 μM during a 48-h period, PAO activity was up-regulated in a time-and dose-dependent manner (Fig. 9A and B) .
Discussion
Polyamine derivatives are known as apoptosis inducers (20), and naphthalimide derivatives-induced DNA damage has been widely studied (4, 6, 7) . Many naphthalimide polyamine conjugates have been synthesized as a new type of selective anti-tumor agents. It is reported that bisnaphthalimidopropyl spermidine (BNIPSpd) induces apoptosis within promyelocytic leukaemia cells (HL60) (21) as well as colon carcinoma cells (Caco-2 and HT-29) exhibiting DNA fragmentation, elevated caspase-3 activity and apoptotic bodies (10) . MNIHspd was able to kill B16 cells via both mitochondrial and cellular membrane death receptor apoptosis pathways (15) , and another naphthalimidepolyamine conjugate induced apoptosis in hepatoma HepG2 cells via a mitochondrial pathway (22) . These reports indicate that naphthalimide polyamine conjugates exhibit different apoptotic mechanisms in an agent-and cell-typespecific manner. However, only a few reports on the apoptotic mechanism of action of naphthalimide polyamine conjugates are reported. Thus, it is necessary to accumulate more comprehensive data to discover exact apoptotic mechanisms of these conjugates.
Apoptosis is characterized by specific biochemical features such as exposing PS to external cellular environment, activation of caspase, cell shrinkage, membrane blebbing and chromatin condensation. MNISpd-induced apoptosis in HeLa cells was confirmed by Annexin V/PI and EB/AO doublestaining assays. Furthermore, based on our data resulting from Annexin V/PI assays, it indicated that 9 μM MNISpd induced apoptosis, which seldom induced necrosis or postapoptosis in HeLa cells during a 60-h period. Thus, in some studies on the action of mechanism of apoptosis induced by MNISpd in this work, 9-μM MNISpd treatments were used.
Previous reports indicate polyamine derivatives-induced apoptosis via caspase-dependent pathway (11) , and rarely polyamine and naphthalimide derivatives, also naphthalimide-polyamine conjugations showed an induction of apoptosis via caspase-independent pathway (23) . Our data resulting from caspase activating, cytochrome c release and caspase inhibitor assays indicated that MNISpd-induced apoptosis in HeLa cells not only sensitive to the intrinsic caspase-dependent pathway without apparent participation of the extrinsic caspase-dependent pathway but also caspaseindependent cell death.
AIF release from mitochondria has been observed in several instances of caspase-independent cell death in response to a variety of death stimuli (24, 25) . Importantly, AIF effects are not inhibited by pharmacological caspase inhibitors such as Z-VAD-FMK (26, 27) . Our findings for the first time confirmed the AIF translocation from mitochondria to the nucleus, indicating that MNISpd-induced apoptosis was not only correlated to intrinsic caspase-dependent pathway but also AIF-related caspase-independent apoptotic pathway.
Mitochondria-mediated apoptosis is usually regulated by Bcl-2 family proteins such as Bax, a pro-apoptotic protein known to induce mitochondrial membrane permeability and lead to a release of apoptosis-related factors from the mitochondria to cytosol (28) , and Bcl-2, an anti-apoptotic member known to preserve mitochondrial integrity that elicits opposing effects on Bax. Some research indicates a relationship between Bcl-2 family and polyamine conjugation-induced apoptosis (29, 30) . Recently, a downregulation of Bcl-2, p-Bad and Bcl-xL in HepG2 cells with naphthalimide-polyamine conjugate treatment was reported (21) . Our studies indicated that apoptosis regulation in MNISpd-treated HeLa cells was related to Bcl-2/Bax mitochondria-dependently.
The balance between oxidant production and antioxidant is importance to maintain cells survival. Reactive oxygen species including free radicals such as superoxide, hydroxyl radical and non-radical derivatives of oxygen has been shown to be highly conserved signals to trigger cell death (31) . GSH is the main antioxidant system in cells, which protects cells against the damage resulting from oxidative stress through eliminating ROS. In contrast, strong oxidative stress could deplete intracellular GSH (32, 33) , causing cell death. ROS, resulting from the catabolic oxidation of polyamines, has been confirmed to be linked to the cytotoxicity of anti-tumor polyamine analogues (34) . However, the generation of ROS induced by polyamine derivatives may be both agent and cell-type specific. The evaluation of the relationship between ROS production and polyamine derivative treatment is not comprehensive. Our findings resulting from DCFH-DA staining assay indicated a significant ROS accumulation in >9 μM MNISpd-treated HeLa cells, at the same time, total glutathione pool in HeLa cells was switched from initial up-regulation followed by down-regulation following the increase of MNISpd concentration. Based on these data, it indicated that intracellular ROS accumulation was related to the size of GSH pool in HeLa cells in accordance with a theory that GSH depletion facilitates the accumulation of ROS in anti-tumor drugs-treated cells (35) . Thus, it was further deduced that a small quantity of ROS generated by MNISpd treatment (≤6 μM) increased the size of total glutathione pool (containing reduced and oxidized glutathione) in HeLa cells to eliminate the ROS for maintaining the normal intracellular redox station; a large quantity of ROS generated by MNISpd treatment (≥9 μM) consumed the GSH pool leading to an accumulation of ROS in turn. Corresponding to this process, ROS levels initially not significantly increased with MNISpd treatment (≤6 μM), and then rapidly increased with MNISpd treatment (9, 12 and 16 μM) in a time-dependent manner during a 24-h period, which in turn increased the lethality of MNISpd resulting in a dramatical decline of ROS levels with 16-μM MNISpd treatment for 48 h (Fig. 7) , as dead cells will not load with DCFH-DA.
NAC, which was widely used as a precursor of GSH to eliminate ROS, has been reported to protect cells against oxidative stress-induced cell death (36) . In order to verify the relationship between ROS and MNISpd-induced apoptosis, a series of assays, using NAC as a ROS elimination agent, were performed. Pre-incubation with 10 mM NAC for 2 h completely inhibited the apoptosis induced by 30-μM MNISpd treatment for 48 h, revealed by Annexin V/PI assay with an apoptotic ratio (containing all cells that were in LR and UR) of 6.09% ± 1.32. However, pre-incubation with 5 or 20 mM NAC for 2 h, the apoptotic ratio (containing all cells that were in LR and UR) induced by 30-μM MNISpd treatment for 48 h were 26.59% ± 1.83 and 14.19% ± 1.87, respectively, indicating that 10 mM NAC was suitable to prevent HeLa cells from ROS-mediated apoptosis. Combined with the findings of cytochrome c and AIF release out of mitochondria and the variations in Bax and Bcl-2 expression being antagonized by 10 mM NAC, it indicated that MNISpd-induced apoptosis was correlated to intracellular ROS accumulation, and mitochondria damage played an important role in the MNISpd-induced apoptosis.
In polyamine metabolism retroconversion process, using N 1 -acetyl polyamine derivatives as substrates, PAO produces spermidine and putrescine following production of ROS, particularly H 2 O 2 , as a by-product (37) . The asymmetrically substituted polyamine derivatives can increase PAO activity, which is the source of ROS in turn contributing to apoptosis induction of polyamine analogues (38, 39) . Our finding confirmed a significantly increase in PAO activity in MNISpdtreated HeLa cells. Thus, MNISpd-induced ROS production may be related to PAO activation. It is noteworthy that PAO is likely to contribute to the polyamine analogue resistance in some specific cells, as high levels of PAO have a capacity to detoxify certain symmetrically and asymmetrically substituted polyamine analogues (40, 41) . Therefore, this capacity is a possible reason why MNISpd cytotoxicity is less than other naphthalimide derivatives.
In conclusion, MNISpd treatment (≥6 μM) induced apoptosis in HeLa cells via caspase-dependent intrinsic and AIF-mediated caspase-independent pathways relating to sustaining intracellular ROS accumulation, and 9 μM is an appropriate concentration to induce HeLa cell apoptosis. MNISpd-induced ROS accumulation is correlated to GSH pool depletion. MNISpd up-regulates the activity of PAO, which is likely to be the source of ROS.
